INTRODUCTION
============

The cyclic interactions between actin and myosin associated with the catalysis of adenosine 5´-triphosphate (ATP) hydrolysis are the basis of muscle contraction as well as other processes that generate motion and tension in nonmuscle cells. Understanding the chemistry underlying movement in muscle has relevance to understanding the molecular basis for any movement in all living organisms. However, after more than 50 years of research, it remains unclear which kinetic step or steps in the actin-myosin--catalyzed adenosine triphosphatase (ATPase) reaction generate movement.

In vitro motility assays, where purified myosin and actin move relative to one another, are used to better understand the mechanochemistry of the actomyosin ATPase cycle. These experimental approaches bridge the gap between solution, single-molecule, and intact muscle or cellular studies. For muscle myosin II, the most widely used motility assay provides the velocity (*V*) of filamentous actin (A) sliding over a bed of monomeric myosin (M~m~) attached to a coverslip surface ([Fig. 1C](#F1){ref-type="fig"}) ([@R1]--[@R4]). Recently, we introduced a variant of this assay in which myosin filaments (M~f~; [Fig. 1B](#F1){ref-type="fig"}) move over actin filaments that are attached to a polyethylene glycol (PEG)--coated coverslip surface ([Fig. 1D](#F1){ref-type="fig"}) ([@R5], [@R6]). We previously called this the inverted motility assay, but for clarity, we now use the notation M~f~/A, which directly indicates the state of the myosin (monomers versus filaments) in addition to the geometry of the assay. Accordingly, we refer to the standard motility assay as A/M~m~. Of the two, the M~f~/A assay is the most physiological because myosin II monomers are assembled into filaments, which is the functional structure of myosin II in vivo.

![Kinetic scheme, myosin structures, motility assay geometries, and model predictions.\
(**A**) Kinetic scheme for myosin (M) attachment to actin (A). D, ADP; T, ATP; P~i~, phosphate. *K*~w~, equilibrium constant for weak binding of myosin to actin; *k*~ws~, forward rate constant for the weak to strong transition. We assume that −*k*~ws~ is insignificant. See text for other rate constants. (**B** to **E**) None of the cartoons are to scale. (B) Side polar (smooth muscle) and bipolar myosin filaments (skeletal and cardiac muscle), heads (orange), and tails (black). (C) A/M~m~ assay with actin filament (green) being moved by myosin heads (orange) attached to coverslip (blue). Only the S2 region of the tail (black) is shown. Before the working step (left), after the working step (middle), and after the fullest possible extension of S2 (right) by other heads undergoing the working steps (not shown for clarity). In this example, *d* = *L* = 8 nm. (D) M~f~/A assay ([@R5], [@R6]), myosin filament (orange) moves over biotinylated actin (green) attached to PEG brush-coated coverslip (not shown). Pre-working step (left), post-working step (middle), and after full extension of S2 (right) by other working heads (not shown) giving *L* = 32 nm in this example. This head is now a drag head and therefore must detach from actin before further movement of the filament is possible. See movies S1 and S2 and the study of Brizendine *et al*. ([@R6]) for a more complete description. (E) A/M~f~ assay, a portion of a bipolar biotinylated myosin filament (black) attached via streptavidin to a biotinylated PEG brush-coated coverslip with physiological or fast (left) and nonphysiological or slow head-actin interactions (right). The slow heads need to spin or swivel to attach to actin, represented by a loop in the S2 domain, but the mechanism is unknown.[Table 2](#T2){ref-type="table"} shows that *L* for the slow heads is finite, but the structural basis is unknown and therefore not depicted. (**F**) Mixed-kinetic model predictions at varying *L*'s. Plots predicted by [Eq. 5](#E5){ref-type="disp-formula"} for *k*~att~ = 6 s^−1^, *d* = 8 nm, *k*~*−*AD~ = 100 s^−1^, *k*~T~ = 2 μM^−1^ s^−1^, \[ATP\] = 1 mM. Please see Methods for an Excel spreadsheet link to generate additional curves.](aao2267-F1){#F1}

Each type of motility assay has its strengths and weaknesses. For example, myosin subfragments such as S1 and heavy meromyosin (HMM), which lack all or a portion of the tail domain, can be studied using the A/M~m~ assay. These subfragments are soluble and easier to express than full-length myosin and thus allow the study of the effects of mutations ([@R7]--[@R11]). In contrast, the M~f~/A assay requires myosin with a full-length tail domain, the C-terminal portion of which contains the structural requirements for self-assembly into filaments. Also, the A/M~m~ assay can be modified to study the effects of a mechanical load on the kinetic cycle ([@R12]--[@R15]), whereas the M~f~/A assay has not yet been similarly modified.

For both assays, the unloaded velocity (*V*) of the moving protein (A or M~f~) is a key parameter that reflects how myosins couple chemical energy to motion. A widely accepted model that has been used extensively to fit A/M~m~ assay data ([@R16], [@R17]) predicts that *V* increases with *N* (the number of available myosin heads) but is limited at high *N* by the rate of detachment of myosin heads from actin. However, several studies using the A/M~m~ assay are inconsistent with this model: (i) Measured *V* exceeds predicted *V* ([@R5], [@R18]--[@R20]), and (ii) recombinant HMM and S1 with decreased *k*~*−*AD~ do not always show a corresponding decrease in *V* ([@R4], [@R21]). The detachment-limited model also poorly fits the *V* dependence on *N* of smooth muscle myosin (SMM) measured with the M~f~/A assay ([@R6]). Therefore, we proposed a novel mixed-kinetic model ([@R6]), which describes *V* as being influenced by both attachment and detachment kinetics (see movies S1 and S2). It predicts that within the myosin filament, and to a lesser extent as monomers attached to the surface, the S2 region (tail proximal to the heads) can be pulled backward by other working heads. At low *N*, this places minimal drag loads on the working heads of the moving filament. This allows *V* to be influenced primarily by the rate of attachment of myosin to actin (*k*~att~; [Fig. 1A](#F1){ref-type="fig"}). With increasing *N*, a sufficiently high *V* is reached to pull an attached head to the end of its S2 tether, resulting in a drag load that resists the working heads ([Fig. 1D](#F1){ref-type="fig"}, right). These drag heads must detach from actin before the working heads can further move the filament. This leads to *V* being influenced by both attachment and detachment kinetics. Here, detachment kinetics are affected not by *d* but by a distance parameter, *L*, related to the distance the S2 tether can travel without placing a drag load on the moving filament ([Fig. 1](#F1){ref-type="fig"}, C and D). A model-dependent analysis of our data implies *L*\>\>*d* to account for the SMM filament *V* at high *N* and is consistent with direct measurements of S2 nonlinear compliance in skeletal muscle myosin (SKM) filaments ([@R22], [@R23]). It also implies that *L* is shorter in the A/M~m~ assay than in the M~f~/A assay because myosin monomers attached to the surface lead to S2-surface interactions that constrain the movement and native interactions of S2 ([Fig. 1C](#F1){ref-type="fig"}).

If the mixed-kinetic model is correct, it should adequately fit data from A/M~m~ and M~f~/A assays using any type of myosin II under a wide array of experimental conditions. To test this, we have extended our original work on SMM, which forms side polar filaments, to include both rabbit fast SKM and bovine ventricular β-cardiac muscle myosin (β-CMM), which both form bipolar filaments ([Fig. 1B](#F1){ref-type="fig"}). *V* versus *N* data at different \[ATP\] from the M~f~/A and A/M~m~ assays were collected under identical conditions. For the M~f~/A assay, *N* was changed by varying the length of the myosin filament and by varying the number of heads on a filament by diluting the full-length myosin with myosin rods lacking the head domain. For the A/M~m~ assay, *N* was varied by changing the concentration of myosin applied to the coverslip surface. Using an on-coverslip ATPase assay, we established the relationship between the density of active myosin heads on the surface (*N*) and the applied myosin concentration over a wide range (50 to 400 μg ml^−1^). In addition, we report a new twist on the M~f~/A assay in which the geometry is flipped over, that is, an A/M~f~ assay ([Fig. 1E](#F1){ref-type="fig"}) where the myosin filaments are attached to a PEG surface. Fits to the detachment-limited and mixed-kinetic models are compared. Only the mixed-kinetic model adequately accounts for data using values of kinetic constants from the literature. This was true for data from all three assay types. The results of this study confirm our original findings and predictions that *L* is longer in moving myosin filaments and shorter if myosin monomers are attached to a nitrocellulose-coated surface. This suggests that the unhindered movement of the S2 domain of myosin filaments is an important structural feature that allows myosin to move faster along actin filaments.

RESULTS
=======

Detachment-limited model
------------------------

[Equations 1](#E1){ref-type="disp-formula"} to [3](#E3){ref-type="disp-formula"} describe the detachment-limited model ([@R16], [@R17]). The rate of detachment of myosin from actin is *t*~on~^−1^ = *k*~det~. This corresponds to the rate of adenosine 5′-diphosphate (ADP) release from actomyosin (*k*~*−*AD~) at high \[ATP\] ([@R24]) or the rate of attachment of ATP (*k*~T~·\[ATP\]) to actomyosin ([@R25]) at low \[ATP\] ([Fig. 1A](#F1){ref-type="fig"}). Here, *r* is the fraction of the ATPase cycle time that myosin spends in the strongly bound states (duty ratio, [Eq. 2](#E2){ref-type="disp-formula"}; AMD and AM in [Fig. 1A](#F1){ref-type="fig"}), *k*~*−*AD~ is the rate of ADP dissociation from actomyosin or a slower isomerization immediately preceding ADP release, *k*~att~ includes attachment of myosin to actin as a weakly bound complex (*K*~w~) and the rate of the weak to strong transition ([Fig. 1A](#F1){ref-type="fig"}), *d* is the myosin step size, *N* is the number of myosin heads available to attach to the actin filament, and *k*~T~ is the rate of ATP binding to actomyosin. See [Fig. 1A](#F1){ref-type="fig"} for the kinetic scheme.$$\mathit{V} = \left\lbrack 1 - {(1 - \mathit{r})}^{\mathit{N}} \right\rbrack\frac{\mathit{d}}{\mathit{t}_{\text{on}}}$$$$\mathit{r} = \frac{\mathit{k}_{\text{att}}}{\mathit{k}_{\text{att}} + \mathit{k}_{- \text{AD}}}$$$$\mathit{t}_{\text{on}} = \frac{1}{\mathit{k}_{- \text{AD}}} + \frac{1}{\left. \mathit{k}_{T}\lbrack\text{ATP} \right\rbrack}$$

Fitting a detachment-limited model to *V* versus *N* data from the M~f~/A assay
-------------------------------------------------------------------------------

[Figure 2](#F2){ref-type="fig"} (A to C) shows the relationship between *V* and *N* for three different types of myosin filaments. Colors of data points refer to different preparations designed to vary *N* (see [Fig. 2](#F2){ref-type="fig"} legends). Data from the M~f~/A assay for SMM ([Fig. 2A](#F2){ref-type="fig"}) are replotted from Brizendine *et al*. ([@R6]), and data for CMM ([Fig. 2B](#F2){ref-type="fig"}) and SKM ([Fig. 2C](#F2){ref-type="fig"}) are from this study (see movies S3 and S4 for representative filament motility). Fits to [Eq. 1](#E1){ref-type="disp-formula"} with *d* fixed at 8 nm are shown by the dashed lines, and predictions with *d*, *r*, and *k*~*−*AD~ fixed to literature values are shown by the blue lines. See [Table 1](#T1){ref-type="table"} for a summary of fit parameters and how they compare to literature parameters.

![Detachment-limited model ([Eq. 1](#E1){ref-type="disp-formula"}) and mixed-kinetic model ([Eq. 5](#E5){ref-type="disp-formula"}) fits to *N* dependence of filament velocities (*V*) at saturating \[ATP\].\
All experiments were performed in the observation buffer at 30°C. (**A**) SMM filaments moving in the M~f~/A assay at 0.75 to 2.0 mM ATP from Brizendine *et al*. ([@R6]). Purple triangles, 26% SMM co-filaments, *n* = 10; orange circles, 51% SMM co-filaments; green triangles, 75% SMM co-filaments; blue diamond, rapidly diluted (short) SMM filaments; each point is the average *V* and *N* from 10 individual filament trajectories, and error bars show the SD. Red squares, SMM filaments prepared by dialysis; each point (*n* = 82) is *V* of a single filament trajectory. (**B**) CMM filaments moving in the M~f~/A assay at 0.75 to 2.0 mM ATP. Blue diamonds, CMM filaments, *n* = 95; green triangles, 50% CMM co-filaments, *n* = 62; orange circles, 30% CMM co-filaments, *n* = 19. (**C**) SKM filaments moving in the M~f~/A assay at 0.75 to 2.0 mM ATP. Purple triangles, 25% SKM co-filaments, *n* = 38; orange circles, 50% SKM co-filaments, *n* = 47; green triangles, 75% SKM co-filaments, *n* = 41; blue diamonds, SKM filaments prepared by rapid dilution (short), *n* = 122; red squares, SKM filaments prepared by dialysis. Each point (*n* = 102) is *V* of a single filament trajectory. For (A) to (C): Fits to [Eq. 1](#E1){ref-type="disp-formula"} with *d* fixed at 8 nm (dashed lines) and *d* = 8 nm, *r* = 0.05, and *k*~*−*AD~ = 36, 50, and 100 s^−1^, respectively, for (A), (B), and (C) (blue). See [Table 1](#T1){ref-type="table"} for a summary of fit parameters. (**D**) *V* of actin moving on SKM filaments in the A/M~f~ assay at 1 mM ATP. Gray triangles, fast and slow *V* measured from a single actin filament trajectory moving across a single myosin filament (*n* = 25); red circles, *V* from a single actin filament trajectory (*n* = 42); cyan squares, *V* from a single actin filament trajectory (*n* = 21). All plots show a fit to [Eq. 5](#E5){ref-type="disp-formula"} (black lines). See [Table 2](#T2){ref-type="table"} for a summary of fit parameters.](aao2267-F2){#F2}

###### Results of fitting [Eq. 1](#E1){ref-type="disp-formula"} to filament *V* versus *N* data with *d* fixed at 8 nm.

Data from [Fig. 2](#F2){ref-type="fig"} (A to C) were fit to [Eq. 1](#E1){ref-type="disp-formula"} to obtain *k*~*−*AD~ and *r*, which were used to calculate *k*~att~ and *v* using [Eqs. 2](#E2){ref-type="disp-formula"} and [6](#E6){ref-type="disp-formula"}. For *k*~*−*AD~ and *r*, the ± is the SE of the least-squares fit. Errors for *k*~att~ and *v* were propagated.

  **Parameters**              **Measured or literature value**   **Reference**                **Values resulting from fit ([Fig. 2](#F2){ref-type="fig"}, A to C, dashed lines)**
  --------------------------- ---------------------------------- ---------------------------- -------------------------------------------------------------------------------------
  SMM                                                                                         [Fig. 2A](#F2){ref-type="fig"}
  *r*                         0.05                               ([@R33])                     0.0042 ± 0.0004
  *k*~*−*AD~ (s^−1^)          36 ± 5                             ([@R40])                     197 ± 8
  *k*~att~ (s^−1^)            1.89\*                                                          0.83 ± 0.09
  *v*~max~ (s^−1^ head^−1^)   0.49 ± 0.01                        ([@R5])                      0.83 ± 0.08^†^
  *k*~T~                      0.5 ± 0.01                         ([@R5])                      
  CMM                                                                                         [Fig. 2B](#F2){ref-type="fig"}
  *r*                         0.05                               ([@R33])                     0.019 ± 0.002
  *k*~*−*AD~ (s^−1^)          50                                 ([@R32], [@R36]--[@R39])     139 ± 4
  *k*~att~ (s^−1^)            2.6\*                                                           2.69 ± 0.25
  *v*~max~ (s^−1^ head^−1^)   1.5 ± 0.1                          Fig. S1A                     2.6 ± 0.2^†^
  *k*~T~                      1.1 ± 0.1                          Fig. S1C                     
  SKM                                                                                         [Fig. 2C](#F2){ref-type="fig"}
  *r*                         0.05                               ([@R33])                     0.0200 ± 0.0009
  *k*~*−*AD~ (s^−1^)          100 ± 8                            ([@R20])                     575 ± 8
  *k*~att~ (s^−1^)            5.3\*                                                           11.3 ± 0.6
  *v*~max~ (s^−1^ head^−1^)   Range, 8--20                       Fig. S1B, ([@R29]--[@R31])   11.0 ± 0.5^†^
  *k*~T~                      1.9 ± 0.1                          Fig. S1C                     

\*Calculated from [Eq. 2](#E2){ref-type="disp-formula"} using indicated literature values of *r* ([@R33]) and *k*~*−*AD~.

†Calculated from [Eq. 6](#E6){ref-type="disp-formula"}.

Mixed-kinetic model
-------------------

The mixed-kinetic model describes *V* as being influenced by both attachment and detachment kinetics (see movie S2). The relative contributions of the two vary with the probability (*p*) that a head will remain attached to actin long enough to reach the end of its S2 tether (distance dictating the length parameter, *L*) at a given *V* ([Eq. 4](#E4){ref-type="disp-formula"})$$\mathit{p} = \mathit{r} \cdot \mathit{e}^{( - \mathit{L}/(\mathit{t}_{\text{on}} \cdot \mathit{V}))}$$

[Equation 5](#E5){ref-type="disp-formula"} describes the mixed-kinetic model, which contains two terms, each preceded by a probability function$$\mathit{V} = {(1 - \mathit{p})}^{\mathit{N}} \cdot \mathit{N} \cdot \mathit{v} \cdot \mathit{d} + \left( 1 - {(1 - \mathit{p})}^{\mathit{N}} \right) \cdot \left( \frac{\mathit{L}}{\frac{\mathit{L}}{\mathit{N} \cdot \mathit{v} \cdot \mathit{d}} + \mathit{t}_{\text{on}}} \right)$$

At any instant, the probability that a given myosin head is not at the end of its S2 tether is 1 − *p*, and the probability that none of *N* myosin heads are at the ends of their tethers is (1 − *p*)^*N*^. At low *N*, this probability is nearly 1, and *V* is dictated primarily by the first term. Under this condition, *V* will increase linearly with *N* (see [Fig. 1F](#F1){ref-type="fig"}). The steepness of the line will depend on the ATPase rate, *v*, and the step size, *d*. It is well established that *v* ([@R26]) in myofibrils ([@R27]) and in purified actomyosin in solution at high ATP ([@R26], [@R28]) is attachment-limited, controlled by *K*~w~·*k*~ws~ = *k*~att~ ([Fig. 1A](#F1){ref-type="fig"}) ([@R26]). The ATPase rate (*v*) is related to *k*~att~, *k*~*−*AD~, and *k*~T~ ([Fig. 1A](#F1){ref-type="fig"}) as follows$$\mathit{v} = \left( \frac{1}{\mathit{k}_{\text{att}}} + \frac{1}{\mathit{k}_{- \text{AD}}} + \frac{1}{\mathit{k}_{T}\lbrack\text{ATP}\rbrack} \right)^{- 1}$$

In [Eq. 5](#E5){ref-type="disp-formula"}, as *N* increases, the probability that a head out of *N* heads reaches the end of its tether, 1 − (1 − *p*)^*N*^, increases toward 1, and *V* is now increasingly influenced by the second term. This term is responsible for the leveling off and/or the biphasic behavior of *V* after the initial linear phase ([Fig. 1F](#F1){ref-type="fig"}). [Figure 1F](#F1){ref-type="fig"} shows predicted *V* versus *N* curves under saturating ATP conditions for a set of hypothetical myosins each with identical kinetic constants but with different *L*'s. Longer *L* leads to faster *V* at maximal *N*. The magnitude of the second term will depend not only on *L* and *t*~on~ but also on the time it takes for a given head to reach the end of its tether, *L*/(*N*⋅*v*⋅*d*). Therefore, at high *N*, when *L* is short and/or *v* is high, the time needed to reach the end of the tether becomes very small relative to *t*~on~. The second term of [Eq. 5](#E5){ref-type="disp-formula"} then reduces to *L*/*t*~on~, and at this limit, *V* is completely influenced by detachment kinetics ([Eq. 3](#E3){ref-type="disp-formula"}).

Determination of *k*~att~ and *k*~T~
------------------------------------

To obtain an estimate for *k*~att~ in [Eq. 6](#E6){ref-type="disp-formula"}, we measured the actin dependence of the steady-state ATPase at saturating \[ATP\] under the same conditions used for all three motility assays (filament buffer at 30°C). The maximal ATPase at saturating actin, *v*~max~, is essentially the same as *k*~att~ at high \[ATP\] ([@R26], [@R28]). Figure S1A shows the data for CMM S1, giving *K*~ATPase~ = 40 ± 9 μM and *v*~max~ = 1.5 ± 0.1 s^−1^ (±SEM). As expected at this relatively high ionic strength, the corresponding data for SKM S1 (fig. S1B) poorly define both *K*~ATPase~ *and v*~max~ because we were unable to work at \[actin\] \> *K*~ATPase~ ([@R29]). We estimate that the *v*~max~ was \~8 to 20 s^−1^, roughly what others have estimated under similar conditions but at lower ionic strengths ([@R29]--[@R31]).

The rate of ATP binding to actomyosin, *k*~T~ ([Fig. 1A](#F1){ref-type="fig"}), during filament motion should be very similar to solution-derived values under the same conditions. Figure S1C shows a plot of the rate of ATP binding to actomyosin (*k*~obs~) versus \[ATP\], and a linear fit gave *k*~T~ = 1.9 ± 0.1 μM^−1^ s^−1^ for SKM S1 and 1.8 ± 0.1 μM^−1^ s^−1^ for SKM filaments, both of which are in good agreement with a previous work ([@R24]). The value for CMM S1, *k*~T~ = 1.1 ± 0.1 μM^−1^ s^−1^, is in good agreement with that by Siemankowski and White ([@R32]).

SKM *V* versus *N* data from A/M~m~ assays
------------------------------------------

To examine the relationship between *V* and *N* with monomeric myosin, varying concentrations of SKM were applied to flow cells and A/M~m~ assays were performed. The resulting densities of active surface-attached myosin heads were estimated from on-slide ATPase activities (see Methods and Supplementary Methods) and were converted to *N*, which is defined as the number of myosin heads available to interact with a 1-μm-long actin filament ([@R17]). The relationship between the concentration of SKM applied to the flow cell and *N* is shown in [Fig. 3A](#F3){ref-type="fig"}, giving 0.34 *N* ml μg^−1^. Data from Harris and Warshaw ([@R17]) ([Fig. 3A](#F3){ref-type="fig"}, black squares) are similar.

![A/M~m~ data for SKM.\
All experiments were performed in the observation buffer at 30°C. (**A**) Relationship between \[myosin\] applied to the coverslip (μg ml^−1^) and *N*. Red points are averages of two to six independent experiments; error bars show the SD; the red line is a linear fit, slope = 0.34 *N* ml μg^−1^. Black squares, data from Harris and Warshaw ([@R17]). (**B**) *N* dependence of *V* at 1 mM (red), 100 μM (green), and 20 μM ATP (blue). *N* values correspond to applied SKM concentrations between 5 and 400 μg ml^−1^. (**C**) Contour plot of *L* versus *k*~*−*AD~ showing dependence of *R*^2^ values from the fit to 1000 μM ATP data from (B) (see fig. S2 for plots of 20 and 100 μM ATP data). Color scale shows the range of *R*^2^ values. (**D**) ATP dependence of *V* at *N* = 34 (100 μg ml^−1^). For (B) and (D), each point is an average of 40 individual actin filament trajectories, and error bars show the SD. Respective lines show the best fits to [Eq. 5](#E5){ref-type="disp-formula"}.](aao2267-F3){#F3}

[Figure 3B](#F3){ref-type="fig"} shows the relationship between *V* and *N* at 20, 100, and 1000 μM \[ATP\]. [Figure 3D](#F3){ref-type="fig"} shows the ATP dependence of *V* at *N* = 34 (100 μg ml^−1^ myosin). Data in [Fig. 3](#F3){ref-type="fig"} (B and D) were fit to [Eq. 5](#E5){ref-type="disp-formula"}, fixing *k*~att~ = 10 to 20 s^−1^, *d* = 8 nm, and *k*~T~ to the value from fig. S1C (1.9 μM^−1^ s^−1^). These results are summarized in [Table 2](#T2){ref-type="table"}.

###### Summary of fitting parameters to data from [Figs. 2](#F2){ref-type="fig"} to [4](#F4){ref-type="fig"} using [Eq. 5](#E5){ref-type="disp-formula"}.

For each fitted value, the ± is the SE of the least-squares fit. For average values, the ± is the SD. For all fits to SKM filament data, fixed values are as follows: *k*~T~ = 1.9 μM^−1^ s^−1^ (from fig. S1C), *d* = 8 nm, and *k*~*−*AD~ = 190 s^−1^ (from [Fig. 3C](#F3){ref-type="fig"} and fig. S2). For all fits to CMM data, fixed values are as follows: *k*~T~ = 1.1 μM^−1^ s^−1^ (from fig. S1C), *d* = 8 nm, and *k*~*−*AD~ = 50 s^−1^ ([@R32], [@R36]--[@R39]).

  ------------------------------------------------------------------------------------------------------------------------------------------------
  **Assay type**                 **Experiment**               **Figure no./**\      **Parameters**         ***L* (average)**   
                                                              **reference**                                                    
  ------------------------------ ---------------------------- --------------------- ---------------------- ------------------- -------------------
  A/M~m~                         SKM 1 mM ATP *V* vs. *N*\*   Fig. 3B               193 ± 94               5 ± 4               8 ± 3

  SKM 100 μM ATP *V* vs. *N*\*   Fig. 3B                      238 ± 123             9 ± 3                                      

  SKM 20 μM ATP *V* vs. *N*^†^   Fig. 3B                      140 ± 96              7 ± 1                                      

  SKM *V* vs. ATP\*              Fig. 3D                      169 ± 31              11 ± 2                                     

  **Filament assays**                                                               ***k*~att~ (s^−1^**)   ***L* (nm)**        ***L* (average)**

  M~f~/A                         SMM *V* vs. *N*^‡^           Fig. 2A and ([@R6])   0.6 ± 0.1              59 ± 3              59 ± 3

  SKM *V* vs. *N*                Fig. 2C                      7.0 ± 0.2             22 ± 1                 22 ± 9^\|\|^        

  SKM *V* vs. ATP^§^             Fig. 4A                      14.0 ± 9.6            14 ± 1                                     

  CMM *V* vs. *N*                Fig. 2B                      2.0 ± 0.1             24 ± 1                 22 ± 2              

  CMM *V* vs. ATP^¶^             Fig. 4B                      2.8 ± 3.0             20 ± 1                                     

  A/M~f~                         SKM fast                     Fig. 2D               7.1 ± 0.6              31 ± 1              

  SKM slow                       Fig. 2D                      3.1 ± 0.4             4 ± 0                                      
  ------------------------------------------------------------------------------------------------------------------------------------------------

\**k*~att~ was fixed at 20 s^−1^ ([@R30]).

^†^*k*~att~ was fixed at 10 s^−1^ ([@R30]).

^‡^From Brizendine *et al*. ([@R6]), refit to [Eq. 5](#E5){ref-type="disp-formula"} with fixed parameters *k*~*−*AD~ = 36 s^−1^, *k*~T~ = 0.5 μM^−1^ s^−1^, and *d* = 8 nm.

^§^*N* was fixed at 88 based on average filament length and [Eq. 7](#E7){ref-type="disp-formula"}.

^\|\|^Average includes *L* from the fast heads in the A/M~f~ assay.

^¶^*N* was fixed at 113 as above.

Using these same fixed parameters for the fit to the 1 mM ATP data from [Fig. 3B](#F3){ref-type="fig"}, a contour plot of *R*^2^ values resulting from additionally fixing *k*~*−*AD~ while letting *L* float (or vice versa) is shown in [Fig. 3C](#F3){ref-type="fig"}. [Figure 3C](#F3){ref-type="fig"} is similar to corresponding plots (see fig. S2) for the 0.1 and 0.01 mM ATP data from [Fig. 3B](#F3){ref-type="fig"}. All contour plots showed that the range of maximal *R*^2^ values is well constrained, giving *L* = 5 to 9 nm and *k*~*−*AD~ = 100 to 250 s^−1^. The best global estimate for *k*~*−*AD~ and *L* was determined by average. This gave *k*~*−*AD~ = 190 s^−1^, which was fixed in fitting the mixed-kinetic model to the filament data in [Figs. 2](#F2){ref-type="fig"} (C and D) and 4A, and *L* = 8 ± 3.

A similar analysis for CMM was not possible because no directed motion was observed. Therefore, *k*~*−*AD~ was fixed to 50 s^−1^ for the fits shown in [Figs. 2B](#F2){ref-type="fig"} and 4B (see Discussion).

Fitting the mixed-kinetic model to filament *V* versus *N* data
---------------------------------------------------------------

[Figure 2](#F2){ref-type="fig"} shows the fits of the mixed-kinetic model to SMM, CMM, and SKM filament *V* versus *N* data. The black solid lines are the fits to the data using [Eq. 5](#E5){ref-type="disp-formula"} with *d*, *k*~T~, and *k*~*−*AD~ fixed, whereas *k*~att~ and *L* were left to float (see [Table 2](#T2){ref-type="table"}). [Figure 2](#F2){ref-type="fig"} (A to C) shows data from the M~f~/A assay, where each data point is colored according to experimental preparations of the myosin filaments, which include rod co-filaments and filaments made by dialysis and rapid dilution protocols (see Methods).

A potential limitation of using the M~f~/A assay with bipolar filaments ([Fig. 1B](#F1){ref-type="fig"}) is that an actin filament may be interacting not only with myosin heads oriented in the normal direction for motion (fast heads) but also with heads of opposite polarity (slow heads) during a given trajectory. To evaluate the possible effects of slow heads, we flipped the M~f~/A assay over ([Fig. 1E](#F1){ref-type="fig"}; A/M~f~ assay). SKM filaments containing a small percentage of biotinylated myosin were attached to the same PEG-treated surface used for the M~f~/A assay. As expected for bipolar filaments, trajectories from single actin filaments moving across a single myosin filament showed fast and slow velocities, moving toward or away from the myosin filament center, respectively (see movie S5 and fig. S4). [Equation 5](#E5){ref-type="disp-formula"} was used to fit both the presumed physiological (fast) *V* ([Fig. 2D](#F2){ref-type="fig"}, upper data) and the slow *V* ([Fig. 2D](#F2){ref-type="fig"}, lower data). The results of the fits (black lines) are summarized in [Table 2](#T2){ref-type="table"}.

Fitting the mixed-kinetic model to filament *V* versus ATP data
---------------------------------------------------------------

To further test the model, M~f~/A assays were performed at varying \[ATP\] with SKM ([Fig. 4A](#F4){ref-type="fig"}) and CMM ([Fig. 4B](#F4){ref-type="fig"}) filaments formed by rapid dilution, which gives a narrow length distribution. The respective *N* values were calculated from the average filament lengths using [Eq. 7](#E7){ref-type="disp-formula"}, giving *N* = 88 ± 29 and 113 ± 58. [Equation 5](#E5){ref-type="disp-formula"} was fit to both data sets while fixing *k*~*−*AD~, *k*~T~, *N*, and *d* and letting *k*~att~ and *L* float. See [Table 2](#T2){ref-type="table"} for a summary of the fit parameters.

![ATP dependence of filament *V* at fixed *N* from the M~f~/A assay.\
(**A**) SKM filaments formed by rapid dilution. (**B**) CMM filaments formed by rapid dilution. For both plots, each point is an average of 40 individual trajectories. Error bars show the SD. Red lines show the fits to [Eq. 5](#E5){ref-type="disp-formula"} (see [Table 2](#T2){ref-type="table"} for results). *R*^2^ = 0.95 and 0.96, respectively. All experiments were performed in the observation buffer at 30°C.](aao2267-F4){#F4}

DISCUSSION
==========

Fitting the detachment-limited model to data from the Mf/A assay
----------------------------------------------------------------

Using kinetic constants from the literature ([Table 1](#T1){ref-type="table"}), it is clear that the *V* predicted by [Eq. 1](#E1){ref-type="disp-formula"} ([Fig. 2](#F2){ref-type="fig"}, blue lines) is significantly lower than the observed data at high *N* for all three types of myosin filaments. If *d* is fixed to 8 nm, the resulting fits (dashed lines) give kinetic values that do not agree well with literature values ([Table 1](#T1){ref-type="table"}). Specifically, *r* is too low by a factor of 2 to 12 ([@R33]). The fitted *k*~*−*AD~ for SKM (575 ± 8 s^−1^) is similar to estimates of 400 to 500 s^−1^ ([@R24]) from stopped-flow measurements in which ADP is mixed directly with actomyosin. However, in motility assays, the myosin heads go through the entire ATPase cycle before ADP is released. Therefore, a better estimate for *k*~*−*AD~ comes from single-molecule measurements of the ATP dependence of *t*~on~, which likely include an additional slower isomerization step that occurs before ADP release ([@R31], [@R34], [@R35]). This value is 100 s^−1^ ([@R20]) for SKM, which is 4.5-fold slower than the fitted *k*~*−*AD~ mentioned above. For CMM, the fitted value of *k*~*−*AD~ (139 ± 4 s^−1^) ([Table 1](#T1){ref-type="table"}) is too fast by a factor of \~2, considering that both stopped-flow and single-molecule determinations of *k*~*−*AD~ are relatively similar at \~50 to 80 s^−1^ ([@R32], [@R36]--[@R39]). For SMM, the fitted value of 197 s^−1^ is considerably faster than our previously measured value of 21 s^−1^ ([@R5]), as well as single-molecule determinations of 36 s^−1^ under similar conditions ([@R40]). In summary, the best fits to a detachment-limited model generally require *r* to be lower and *k*~*−*AD~ to be higher than measured values.

Fitting the mixed-kinetic model to data from the A/M~m~ assay with SKM to estimate *k*~*−*AD~ and *L*
-----------------------------------------------------------------------------------------------------

Because of the direct inverse relationship between *k*~*−*AD~ and *L* in [Eq. 5](#E5){ref-type="disp-formula"}, fits to the data in [Fig. 2](#F2){ref-type="fig"} are not useful to constrain either parameter. Contour plots (fig. S3) show that the range of maximal *R*^2^ values is less well constrained than the mixed-kinetic model fits to the A/M~f~ assay data ([Fig. 3C](#F3){ref-type="fig"} and fig. S2), giving relatively broad ranges for *k*~*−*AD~ and *L*. Therefore, because *L* is an unknown, it was necessary to fix *k*~*−*AD~ in fitting [Eq. 5](#E5){ref-type="disp-formula"} to M~f~/A assay data in [Fig. 2](#F2){ref-type="fig"}.

To get the best estimate of *k*~*−*AD~ for this purpose, we turned to the A/M~m~ assay, which has several advantages. First, we predict *L* to be short due to interactions of S2 with the coverslip surface ([Fig. 1C](#F1){ref-type="fig"}), giving slower *V* and a distinct shape of *V* versus *N* plots ([Fig. 1F](#F1){ref-type="fig"}). Second, estimates of *N* do not require manually measuring filament lengths, a potential source of variability for the filament-based motility assays. It is not necessary to measure actin lengths in the A/M~m~ assay, because only actin filaments above 1 μm are analyzed, and due to the persistence length of actin, actin filaments longer than 1 μm do not move any faster ([@R16]).

[Figure 3B](#F3){ref-type="fig"} shows A/M~m~ data at varying *N* and three \[ATP\]. The data followed the characteristic shape predicted by the mixed-kinetic model ([Fig. 1F](#F1){ref-type="fig"}), which is unaccounted for by [Eq. 1](#E1){ref-type="disp-formula"}, which simply plateaus ([Fig. 2](#F2){ref-type="fig"}, blue lines). Our approach to constraining *k*~*−*AD~ was to find the maximum of the *R*^2^ values ([Fig. 3C](#F3){ref-type="fig"} and fig. S2) from fitting all three curves and use the average. This gave *k*~*−*AD~ = 190 ± 49 s^−1^, which is in good agreement with the 100 s^−1^ obtained from single-molecule experiments ([@R20]) and reasonably close to an estimated value (300 s^−1^) from modeling of solution kinetics ([@R31]). Fitting [Eq. 5](#E5){ref-type="disp-formula"} to *V* versus ATP data from the A/M~f~ assay ([Fig. 3D](#F3){ref-type="fig"}) provided a further test of the model. As predicted, the average resulting *L* from all *V* versus *N* and *V* versus \[ATP\] fits was significantly shorter (8 ± 3 nm) than our previously determined *L* = 36 to 67 nm for SMM filaments moving in the M~f~/A assay ([@R6]).

Unfortunately, a parallel analysis of A/M~m~ assay data for CMM was not possible because no directed motion was observed in the filament buffer at 125 or 75 mM KCl, both of which are higher in ionic strength than published conditions used for CMM A/M~m~ assays (25 mM KCl) ([@R41]--[@R43]). Perhaps CMM has more ionic interactions with actin than SKM ([@R44]), making it more sensitive to increased ionic strength. Regardless, because stopped-flow and laser trap studies both estimate *k*~*−*AD~ of CMM at \~50 to 80 s^−1^ under similar conditions to our assays ([@R32], [@R36]--[@R39]), an independent determination using A/M~m~ assay data was not essential to fit the data from filament-based assays (see below).

Fitting the mixed-kinetic model to filament *V* versus *N* data
---------------------------------------------------------------

[Equation 5](#E5){ref-type="disp-formula"} was fit to filament *V* versus *N* ([Fig. 2](#F2){ref-type="fig"}, black solid lines) and *V* versus \[ATP\] ([Fig. 4](#F4){ref-type="fig"}) data with fixed *k*~*−*AD~ = 190 s^−1^ for SKM from above, 50 s^−1^ for CMM, and 36 s^−1^ for SMM ([@R40]). The parameters left floating were *k*~att~ and *L* ([Table 2](#T2){ref-type="table"}). [Table 1](#T1){ref-type="table"} shows the measured *v*~max~ from steady-state ATPase data at high \[ATP\], which provides an approximation of *k*~att~. Note that the fitted *k*~att~ values in [Table 2](#T2){ref-type="table"} are in reasonable agreement with the *v*~max~ values. Also, for each respective myosin type, the fitted *k*~att~ values from *V* versus *N* and *V* versus \[ATP\] experiments are reasonably consistent. The *k*~att~ for SKM fast heads from the A/M~f~ assay ([Fig. 2D](#F2){ref-type="fig"}) matches the fitted *k*~att~ from the M~f~/A assay ([Table 2](#T2){ref-type="table"}), suggesting that *k*~att~ of filaments moving in the M~f~/A assay is not appreciably affected by potential slow head interactions with actin. Also, note that the *k*~att~ for the slow heads is significantly slower than the *k*~att~ for the fast heads ([Table 2](#T2){ref-type="table"}), which is expected because the slow heads presumably need time to twist to orient themselves correctly to attach to the actin filament ([Fig. 1E](#F1){ref-type="fig"}). Overall, this analysis suggests that the mixed-kinetic model provides *k*~att~ values that agree with measured values.

Of particular interest is the length of the tether defined by *L*. For all three myosins moving in the M~f~/A assay, *L* is longer when incorporated into a filament versus attached as monomers to a coverslip surface ([Table 2](#T2){ref-type="table"}). These relatively long *L*'s provide the basis for much faster *V* in the M~f~/A assay compared to the A/M~m~ assay. For example, for SKM, the relative motion of actin and myosin was about threefold faster for filaments ([Fig. 2](#F2){ref-type="fig"}, C and D) versus monomers ([Fig. 3B](#F3){ref-type="fig"}), explained by the long *L* = 22 ± 9 nm in the filament-based assays compared to the short *L* = 8 ± 3 nm in the A/M~m~ assay. Filament *V* is very close to unloaded shortening *V* of myofibrils under similar conditions ([@R45], [@R46]). With SMM, we previously used a simple version of the current model to estimate *L* = 36 to 67 nm ([@R6]). Here, we used [Eq. 5](#E5){ref-type="disp-formula"} to refit the *V* versus *N* data, with *k*~*−*AD~ fixed to the single-molecule determination value (36 s^−1^), and found that *L* = 59 ± 3 nm, consistent with our previous estimates. The fitted values of *L* for CMM (22 ± 2 nm) and SKM (22 ± 9 nm) were identical.

A potential disadvantage of the M~f~/A assay with the bipolar filaments of SKM and CMM ([Fig. 1B](#F1){ref-type="fig"}) is that slow head actin interactions could affect the kinetics or mechanics of the fast heads. If anything, the slow heads would place a nonphysiological load on the fast heads. This is not accounted for in the mixed-kinetic model and therefore may lead to underestimates of *L*. In the side polar filaments formed by SMM, all the heads involved in actin interactions during motion are oriented in the correct direction, so there are no slow heads that could affect *V* and thus the measurement of *L*. This could explain why SMM filaments have a much longer *L* than both SKM and CMM.

The A/M~f~ assay provides an advantage over the M~f~/A assay because a small actin filament can interact with only fast or slow heads at any given time. This allows an analysis of the fast and slow head *V* individually, whereas in the M~f~/A assay, they may be operating simultaneously. In addition, the A/M~f~ geometry provides a robust test of the model because we expected *L* to be very short for the slow heads, a prediction that is verified by the fit to [Eq. 5](#E5){ref-type="disp-formula"} ([Fig. 2D](#F2){ref-type="fig"}, lower data), where *L* was 4 nm. As stated above, these slow heads must swivel or twist to stereochemically interact with actin, affecting both *k*~att~ and severely limiting the distance the S2 region could travel (see [Fig. 1E](#F1){ref-type="fig"}).

If myosin filaments moving in the M~f~/A assay are not significantly affected by a load from slow heads, they should move at the same *V* as the fast heads in the A/M~f~ assay. Fast head *V* was marginally faster (\~20%; [Fig. 2D](#F2){ref-type="fig"}, upper data) than the maximal *V* from the M~f~/A assay ([Fig. 2C](#F2){ref-type="fig"}), corresponding to a higher *L* = 31 ± 1 ([Table 2](#T2){ref-type="table"}). It is then tempting to conclude that the slow heads have only a small effect on *V* measured in the M~f~/A assay. However, *V* in the A/M~f~ assay may plateau at high *N* without actually reaching the maximum *V* predicted by our model. A portion of the motion generated by many myosin heads could be "absorbed" by the bending of the longest (\>1 μm) actin filaments ([@R47]). Therefore, if anything, we may be underestimating *L* for the bipolar filaments. Regardless, the longer *L* from the A/M~f~ assay data indicates that the slow heads in the M~f~/A assay likely have only a small effect on the filament motility. This small effect is consistent with a previous work showing that the slow heads can only generate \~^1^/~10~th the force of the fast heads of clam adductor myosin filaments ([@R48]).

Summary and conclusions
=======================

Here, we used in vitro approaches to better understand how myosin as both monomers and filaments interact with actin to generate motion under unloaded conditions. Using myosin II isolated from three different muscle types (smooth, cardiac, and skeletal) in both monomeric and filament-based motility assays, we have shown that our mixed-kinetic model ([Eq. 5](#E5){ref-type="disp-formula"}) provides an adequate fit to velocity data using kinetic constants from the literature. At low *N*, *V is* primarily attachment-influenced due to a flexible tether that relates to the length and flexibility of the S2 domain. As *N* increases, *V* is influenced increasingly by detachment kinetics that depends on the probability that an actin-attached head will reach the end of the tether length (*L*). Our data suggest that *L* is longer when myosin is incorporated into filaments versus as monomers attached to a surface.

In contrast to conventional models in which muscle shortening is thought to be associated with actin-myosin detachment, our results support a model in which filament movement can be associated with both actin-myosin attachment and detachment kinetics. The results of this study and previous studies ([@R5], [@R6], [@R18]--[@R20]) suggest that different muscles may operate primarily in different kinetic regimes depending on the effective *N*, which presumably would change as the muscle transitions from relaxed to partial and full activation. Also, *L* may not be a constant in muscle but could be modulated by effectors that interact with the S2 domain, such as myosin binding protein C. Similarly, phosphorylation of the regulatory light chain is thought to weaken the interactions of the myosin heads with the S2 domain ([@R49]), a region that has recently been shown to be important in mutations involved in hereditary heart disease ([@R7], [@R50]). We suggest that our approach can reveal the mechanochemical mechanisms underlying such perturbations.

MATERIALS AND METHODS
=====================

Buffers and proteins
--------------------

The filament buffer consists of 10 mM NaPi (pH 7.0), 5 mM MgCl~2~, 125 mM NaCl, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), and 30 nM NaN~3~. The observation buffer consists of the filament buffer plus 0.5% methylcellulose and an oxygen scavenger system ([@R5]) with indicated \[ATP\]. The conjugation buffer consists of 20 mM Hepes (pH 7.2), 0.5 M NaCl, 0.1 mM EGTA, 5 mM DTT, and 30 nM NaN~3~. The myosin buffer consists of 25 mM imidazole (pH 7.4), 300 mM KCl, 1 mM EGTA, 4 mM MgCl~2~, 10 mM DTT, and 30 nM NaN~3~. The actin buffer consists of 50 mM imidazole (pH 7.0), 50 mM KCl, 2 mM EGTA, 8 mM MgCl~2~, and 10 mM DTT. Actin, Alexa Fluor 488 (Thermo Fisher Scientific), tetramethyl rhodamine isothiocyanate (TRITC), and biotinylated actin (5%) were prepared as described ([@R5], [@R6]). Rabbit SKM was purified from psoas muscle as described and stored at −20°C in 50% glycerol ([@R51], [@R52]). Bovine CMM was purified from left ventricles as described and stored at −20°C in 50% glycerol ([@R53]). Both types of myosins were shown by urea gel electrophoresis to be unphosphorylated. SKM and CMM rods were prepared by papain digestion ([@R52]), and S1s were prepared by α-chymotrypsin digestion without further separation of isoenzymes ([@R52], [@R54]). The following extinction coefficients (0.1%, w/v) were used to determine protein concentrations at 280 nm: SMM, 0.56; SKM, 0.53; SKM S1, 0.75; SKM rod, 0.36; CMM, 0.55; CMM S1, 0.75; CMM rod, 0.17. Protein molecular weights were as follows: SMM, SKM, and CMM, 480 kDa; SMM, SKM, and CMM rod, 250 kDa; SMM, SKM, and CMM S1, 130 kDa.

Preparation of SKM and CMM filaments
------------------------------------

Glycerol was removed from SKM and CMM by adding 10 volumes of cold 5 mM MgCl~2~ followed by incubating on ice for 30 min and pelleting the filaments for 20 min at 12,000*g* at 4°C. Pellets were resuspended in the conjugation buffer, and myosins were labeled with *N*-hydroxysuccinimide (NHS)--rhodamine (Thermo Fisher Scientific), as described ([@R5]). Rhodamine labeling had little effect on ATPase activity (fig. S5A), as was shown for SMM ([@R5]). Short filaments with a relatively narrow length distribution were formed by rapidly diluting labeled myosin in the conjugation buffer at 6 to 8 mg ml^−1^ 10-fold with cold 5 mM MgCl~2~, incubating on ice for 30 min, pelleting for 20 min at 12,000*g* at 4°C, and resuspending in the filament buffer. To form longer filaments with a wider length distribution, the labeled myosin in conjugation buffer was dialyzed overnight at 4°C to the filament buffer at 0.5 to 2 mg ml^−1^. CMM filaments were cross-linked in the DTT-free filament buffer for 30 min at room temperature with 0.5 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific). Note that this follows our previous procedure ([@R5]), with the correction that \[EDC\] = 0.5 mM, not 5 mM. EDC cross-linking had little effect on ATPase activity (fig. S5B). The reaction was quenched with 1 mM hydroxylamine hydrochloride (Sigma-Aldrich), and the filaments were pelleted for 20 min at 164,000*g* at 4°C and resuspended in the filament buffer.

Preparation of myosin rod co-filaments
--------------------------------------

Myosin rods were labeled with NHS-rhodamine as described for myosins. SKM- and CMM-rod co-filaments were formed as previously described for SMM co-filaments ([@R6]) except that SKM co-filaments were not cross-linked; CMM co-filaments were cross-linked as above.

Determination of *N* for the A/M~m~ assay
-----------------------------------------

*N* was determined by measuring the ATPase activity of heads attached to nitrocellulose-coated slides and compared to the ATPase activity of known myosin concentrations in solution. See the Supplementary Materials for details.

Actin-activated ATPase assays
-----------------------------

Assays for actin-activated ATPase activities were at 30°C in the filament buffer made with Mops rather than phosphate with 2 mM ATP. Aliquots of a stock actin solution (\~200 μM) were added to a glass test tube using a positive pressure pipette (Microman), and the exact volumes were verified by weight. Following buffer/ATP additions, the reaction was started by adding myosin with extensive mixing using a positive pressure pipette. Aliquots were removed into the quenching solution using a positive pressure pipette. Phosphate was determined as described in the Supplementary Materials.

Motility assays
---------------

We used three different types of in vitro assays that allow direct observation of the relative motion between fluorescently labeled actin and myosin using TIRF (total internal reflection fluorescence) microscopy. All assays were performed at 30°C in the observation buffer. Trajectories of actin filaments in the A/M~m~ and A/M~f~ assays were analyzed identically to myosin filaments in the M~f~/A ([@R6]). To avoid the actin filament length dependence of *V* ([@R16]), all actin filaments shorter than 1 μm were ignored for the A/M~m~ assay.

M~f~/A assays ([Fig. 1D](#F1){ref-type="fig"}) were as previously described ([@R6]). For the A/M~f~ ([Fig. 1E](#F1){ref-type="fig"}), SKM was labeled with biotin (Thermo Fisher Scientific, EZ-Link Sulfo-NHS-LC-LC-Biotin; 21338) in the conjugation buffer according to the manufacturer's protocol using a 10-fold molar excess of biotin over myosin. The biotinylated SKM (1 or 5 parts) was then mixed with rhodamine-labeled SKM (99 or 95 parts), and the mixture (0.5 to 2 mg ml^−1^) was dialyzed overnight to the filament buffer at 4°C. The following reagents (\~80 μl) were added in the following order with indicated incubation times to biotin-PEG flow cells ([@R6]): bovine serum albumin (BSA) (5 mg ml^−1^) (Sigma; A3059) for 1 min, streptavidin (4 μg ml^−1^) (Invitrogen; 434302) for 15 to 30 s, BSA wash (5 mg ml^−1^), biotin/rhodamine-labeled myosin filaments (100 to 200 μg ml^−1^) for 1 to 2 min, filament buffer wash, shredded (sonicated for 5 to 10 s) Alexa Fluor 488--phalloidin--labeled 5% biotinylated actin (70 nM) in actin buffer for 1 min, filament buffer wash, and observation buffer.

Flow cells (\~30 to 40 μl) for A/M~m~ were created with a nitrocellulose-coated coverslip (Thermo Fisher Scientific; 12544A) attached with two layers of ^1^/~4~"-wide double-sided tape (3M) to a microscope slide (Thermo Fisher Scientific; 12-544-1). Flow cell additions (50 μl) were as follows: myosin buffer, myosin in myosin buffer at indicated concentrations (between 5 and 400 μg ml^−1^) incubated for 1 min, BSA (5 mg ml^−1^) in myosin buffer, actin buffer, 50 nM TRITC-actin in actin buffer, filament buffer, and finally observation buffer.

Estimation of *N* in myosin filament motility assays
----------------------------------------------------

*N* was estimated by measuring the length of each moving filament (ImageJ line tool) and subtracting 0.31 μm to account for the point spread function as previously described ([@R6]). Because SKM and CMM filaments are three stranded and bipolar ([@R55]--[@R57]), the length was converted to *N* using the following equation$$\mathit{N} = \left( \frac{6~\text{heads}}{14.3~\text{nm\ filament}} \right)\left( \frac{\text{length\ filament}~(\text{nm})}{4~\text{sides}} \right)\left( \frac{\text{mol\ myosin}}{\text{mol\ myosin}~ + (\text{mol\ rod} \cdot 2)} \right)$$

[Equation 7](#E7){ref-type="disp-formula"} incorporates our assumption that only one-fourth of the heads in a bipolar filament can interact in a physiological manner with a single actin filament. In the A/M~f~ assay, the apparent length of the filament is the length of the actin filament moving over the myosin filament after subtracting 0.31 μm to account for the point spread function.

Fitting model equations
-----------------------

[Equation 5](#E5){ref-type="disp-formula"} was fit to data using OriginLab (OriginLab Corporation) or a custom program written in Python (version 3.6.1; available on request). The recursive [Eq. 5](#E5){ref-type="disp-formula"} was solved using an iterative approach and generally needed fewer than 50 iterations to converge. See fig. S6 and the Supplementary Materials for a flowchart describing the steps used to solve the equation and example code written in C. See [www.dropbox.com/sh/22xlcflonit87uz/AADRyoTKMPWYrdULMwb2NoW3a?dl=0](http://www.dropbox.com/sh/22xlcflonit87uz/AADRyoTKMPWYrdULMwb2NoW3a?dl=0) for a simulation of *V* versus *N* data using [Eq. 5](#E5){ref-type="disp-formula"} and the fitting functions used in OriginLab. Data were fit, and the estimated SEs of the means and *R*^2^ values were calculated using a Levenberg-Marquardt algorithm. Other errors were calculated using fundamental equations for propagating uncertainties ([@R58]).

Supplementary Material
======================
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Supplementary Methods

movie S1. Cartoon depicting detachment-limited kinetics in the A/M~m~ assay.

movie S2. Cartoon depicting mixed kinetics (attachment to detachment) in the M~f~/A assay.

movie S3. Example movie of SKM filaments moving in the M~f~/A assay.

movie S4. Example movie of CMM filaments moving in the M~f~/A assay.

movie S5. Example movie of actin filaments moving over SKM filaments in the A/M~f~ assay.

fig. S1. Steady-state actin-activated ATPase rates and ATP-induced dissociation of actomyosin.

fig. S2. Contour plots showing *R*^2^ dependence of fit of [Eq. 5](#E5){ref-type="disp-formula"} to data from [Fig. 3B](#F3){ref-type="fig"}.

fig. S3. Contour plots showing *R*^2^ dependence of fit of [Eq. 5](#E5){ref-type="disp-formula"} to data from [Fig. 2](#F2){ref-type="fig"} (A to C).

fig. S4. Distance from origin plot of actin filament moving over a myosin filament in the A/M~f~ assay.

fig. S5. Effect of rhodamine labeling and EDC cross-linking on CMM steady-state actin-activated ATPase activity.

fig. S6. Flowchart describing algorithm to solve recursive [Eq. 5](#E5){ref-type="disp-formula"}.
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Reference ([@R59])
